The feasibility of converting the two-mile electron accelerator to a superconducting machine is actively being explored at the Stanford Linear Accelerator Center. Within the framework of that program a study of possible systems to provide the necessary refrigeration within the 1.0 K to 1.85 K temperature range is being made. In this paper the implications of the conventional approach are reviewed. It is shown that by reducing ambient temperature pumping equipment through the use of 3He
INTRODUCTION
The two-mile electron linear accelerator at the Stanford Linear Accelerator
Center has now been in operation for a number of years and has proved to be a powerful tool of high energy physics research.
During the years in which the accelerator was being built, and particularly in the last few years, a number of significant developments in technology have taken place. These developments have opened the way towards achieving higher energies at lower cost per unit power input than has been hitherto realized, in particular by the remarkable progress in the technology of superconductors,
The superconducting linear accelerator is one of the approaches for applying the new technology to the extension of the accelerator art towards higher energies, greater intensity, better duty cycle or other goals of importance to high energy physics. It is recognized that many of the objectives within the scope of superconducting technology could also be attained by a conventional approach but at the expense of tremendous effort and astronomical cost. Clearly the incentive for the present study is economical as well as technical.
It should be stressed that the technical feasibility of a long, high gradient superconducting accelerator has not yet been fully demonstrated.
In parallel, and more germane to the present discussion, it has become apparent that the same can be said of the technology required to furnish and to maintain large volumes of liquid 4He at temperatures below the A-point. A refrigerator providing 300 W at 1.85 K has recently been commissioned at the High Energy Physics
Laboratory at Stanford University w. However, the installation of a number of such machines along an accelerator is neither an efficient technical solution, nor is it economically viable. This paper then has two functions: It is a report on the outcome so far of a continuing study, and it is intended to stimulate interest and to draw attention to the unusual technical problems that are encountered in this low temperature region,
REFRIGERATION SYSTEM REQUIREMENTS
The basic accelerator parameters have been presented elsewhere (2) . The estimated heat loads at three temperature levels are summarized in Table I, based on operation at 2856 MHz, the present frequency of the accelerator, a duty cycle of 6 percent at an energy of 100 GeV. The difference in the passive loads at the three temperatures is due to the absence of the 6 K conductive heat intercepts and shields at 1.85 IL It turns out that to provide the necessary plumbing for a 6 K intercept system greatly outweighs in complexity and in cost the necessary increase of about 10 percent in the cooling requirements at 1.85 K. The refrigeration scheme has been described in greater detail elsewhere (? From the outset it was clear that the cost of such a system would be high and that the efficiency was limited by the performance of the best available vacuum pumping equipment. The total power per unit of refrigeration is 970 watt/watt, based on manufacturers'
quoted requirements for pumps and compressors. The appendix presents the estimated costs that would be involved in implementing the system.
Modified Systems
The vacuum pumps represent a very substantial cost both for the initial equipment and for the subsequent operation and maintenance, as the appendix shows o The following alternatives have been considered, in an effort directed towards a reduction in the number of pumps. Naturally any thermodynamically reasonable combination of the above alternatives was also considered. A summary of the permutations examined is given in Table II . In each case the starting point was the 1.85 K refrigerator of Fig. 1 .
It is recognized that this refrigerator concept may not be the most efficient one, nor be universally applicable to all temperature levels. However, its quasiindependent circuits simplify analysis and offer a better insight into the thermodynamic interaction of the various subsystems. as the properties of superfluid 4He must be exploited in the accelerator bath, this must be a liquid-liquid heat exchanger, The transfer of heat from the 4He
to the "He baths requires temperature differences which imply certain losses.
These aspects have been ignored, as well as the problems associated with thermal boundary resistance at the He II metal interface (Kapitza resistance) (4) , and the heat transfer process through the bulk of the superfluid helium under the very high heat loads encountered. Similar arguments apply to a comparable 3He compressor, It therefore makes thermodynamic and economical sense to use the hybrid 3He-4He system with two stages of warm return gas vacuum pumps.
As it is thermodynamically expensive to remove large quantities of heat at low temperatures, it might appear to be more sensible to put the compressors at higher temperature levels 0 Reciprocating pumps of this type, having an in- However, as these conditions certainly do not pertain to the accelerator operation as presently envisioned, the concept was abandoned.
AND I,5 K REFRIGERATION SYSTEMS
As Table I shows, going to lower temperatures theoretically eases the refrigeration problem.
While it is still premature to predict where the optimum operating conditions of a superconducting accelerator will be, it is nevertheless important to examine the means whereby such low temperatures can be reached and maintained for very long periods of time and on such a large scale.
What exactly are the alternatives in this temperature range? As Table IV illustrates, 4 He probably has limited use below 1,85 K; its vapor pressure is too small to permit efficient Joule-Thomson heat exchanger design. Flashing from an intermediate, higher temperature has been considered, but the efficiency of the process is rather low, and mass flow rates tend to increase, which in turn places greater demands on the vacuum pumps, Consequently, the use of 4He below 1.85 K has not been pursued further.
On the other hand, 3 He has clear advantages, again in hybrid combination with 4He. The refrigerator of Fig. 3 is adaptable equally well to 1.5 K and 1 K,
In this configuration the dewar has an intercept shield at 6 K, the calculated heat load being 42 watt per sector. Even with this additional load, the total primary 4 He flow is only about 30 g/set per refrigerator.
The major contribution to the flow, some 20 g/set, is due to the radiation and heat intercept shielding at 70 K.
In this system, due to relatively small flow of 3He, ejector expanders are quite likely to be used. The work on ejectors has not yet progressed to the point where In order to extract as much from the pressure potential as possible, with the low driving pressure, very small nozzle diameters must be used.
Not only are these susceptible to mechanical damage, but with decreasing size of the device, wall effects which are almost impossible to take into account properly, begin to play an increased role. However, already a modest 20 percent boost in the back pressure covers almost all pressure losses in the return stream heat exchangers.
As far as cryogenic compressors are concerned, there appears to be no real economic or technical advantage in using them at these temperature levels. 
CONCLUSIONS
The analysis, both thermodynamic and economical, of refrigerators representative of the projected needs to keep a 100 GeV linear electron accelerator at 1.85 K has shown that a hybrid 3He-4He system using ambient temperature pumps and compressors is probably the most economical and could be built without undue difficulty and with present technology. Next in order of cost is a -13 - 
